(Received 5 February 1996) We show by inelastic neutron scattering that the frustrated magnet SrCr 9p Ga 1229p O 19 ͓p 0.92͑5͔͒ has dispersionless magnetic excitations at energies 18.6(1) and 37.2(5) meV. The wave vector and temperature dependence of the excitations as well as the ratio 1:2 of excitation energies is perfectly accounted for by isolated antiferromagnetically exchange coupled pairs of spins s 3͞2. Consideration of the layered structure of magnetic chromium ions and the ligand environment indicates that these pairs are adjacent spins in neighboring triangular lattice planes which separate two-dimensional sublattices of interacting kagomé-triangle-kagomé layers. [S0031-9007(96)00346 -8] PACS numbers: 75.30.Et, 75.40. Gb, Since its discovery in 1988 [1] , SrCr 9p Ga 1229p O 19 [SCGO(p)] has attracted a great deal of experimental [1] [2] [3] [4] [5] [6] and theoretical [7] interest because of its unusual frustrated magnetism. Bulk susceptibility measurements on p ഠ 0.9 samples [1, 2] reveal antiferromagnetic (AFM) interactions (Curie-Weiss temperature 2515 K) which are incapable of inducing static spin correlations until a spin-glass-like transition at T g ഠ 3.4 K. The spin-glass state is unusual in that the specific heat is quadratic in temperature (T ) at low T in contrast to the linear T dependence in ordinary spin glasses [2] . Neutron scattering experiments show the absence of long range order down to 70 mK [3, 6] , and an unusual extinction of elastic scattering as momentum transfer Q approaches zero [6] .
It is believed that frustration in SCGO(p) is associated with two-dimensional kagomé lattices of antiferromagnetically interacting Cr 31 ions [1, 2] . However, a complete understanding of the magnetic interactions in SCGO(p) has not been achieved, since the crystal structure is complicated and contains Cr 31 ions on non-kagomé planes. In this paper we report neutron scattering experiments on polycrystalline SCGO͑ ͑ ͑ p 0.92͑5͒͒ ͒ ͒ which yield a comprehensive model of magnetic interactions in this material. Our main results are the following. (i) Isolated Cr 31 ion pairs in neighboring 4f yi planes form singlets with a singlet-triplet splitting of 18.6(1) meV. These layers are only weakly coupled to a three-layer (111) pyrochlore slab which may also be described as two kagomé lattices separated by a triangular lattice. (ii) Cr 31 ions in these pyrochlore slabs reside on the vertices of cornersharing tetrahedra, which form a highly frustrated quasitwo-dimensional magnet.
A powder sample of 50 g was prepared by a solid state reaction between stoichiometric amounts of Cr 2 O 3 , Ga 2 O 3 , and SrCO 3 in air at 1350 ± C. We used high-temperature magnetic susceptibility data to determine the Cr 31 content in the sample to be p 0.92͑5͒. We established the structure of our sample by measuring its neutron powder diffraction pattern using the 32 detector powder diffractometer BT1 at NIST. Starting from the magneto plumbite structure in space group P6 3 ͞mmc, we used Rietveld refinement to extract the structural parameters listed in Table I. The parameters are consistent with the previously published structure [1] , but occupancies of chromium, which are consistent with our determination from hightemperature susceptibility measurements, are somewhat higher.
The aspects of the crystal structure which are relevant for this paper are shown in Fig. 1 . The magnetic Cr 31 ions occupy three distinct sites which are denoted 12k, 2a, and 4f yi , respectively. The 12k layer is a slightly distorted kagomé lattice, whereas the 2a and 4f yi layers are triangular lattices. The Cr 31 ions in the 12k-2a-12k block form corner-sharing tetrahedra, as in threelayer (111) slabs of the trivalent cation sites in the cubic pyrochlore [8, 9] and spinel structures. Each Cr 31 ion is surrounded by a distorted octahedron of oxygen atoms, for clarity, though, only selected oxygen atoms are shown in Fig. 1 . Also excluded from the figure are triangular lattices of Sr͑2d͒ and Ga͑2b͒ which reside in between the 4f yi chromium layers and two triangular Ga͑4f iy ͒ lattices which sandwich the 2a chromium layer. Neither of these nonmagnetic cation sublattices are expected to have a direct impact on magnetic exchange interactions.
Inelastic neutron scattering experiments were performed using the HET and MARI direct geometry spectrometers at the 160 kW ISIS pulsed spallation neutron source [10] . A Fermi chopper phased to the ഠ1 ms, 50 Hz neutron pulses monochromates the incoming beam. We took our data with incident energies of 35 and 100 meV. On HET, banks of detectors cover the angular ranges of f 3 ± to 7 ± at a distance of 4 m from the sample and f 9 ± to 29 ± at a distance of 2.5 m. MARI detectors cover the angular range of f 2 ± to f 136 ± at a distance of 4 m. The angular TABLE I. Positions within space group P6 3 ͞mmc and occupancies per formula unit (f.u.) of atoms in SrCr 9p Ga 1229p O 19 at T 10 K as determined by Rietveld analysis of the diffraction data displayed in Fig. 1 using the general structure analysis system [17] . The lattice parameters for the hexagonal unit cell at 10 K are a 5.7954͑1͒ Å and c 22.6446͑6͒ Å. Isotropic Debye-Waller factors, exp͑2͗u 2 ͘Q 2 ͒, were used and the resulting overall reduced x 2 2.0.
resolution is 0.6 ± for all detectors on both instruments. Scattering cross sections were normalized to within an accuracy of 20% by scaling magnetic scattering to nuclear Bragg peaks with a known scattering cross section. Time-of-flight neutron spectrometers simultaneously collect scattering data over a range of energy and wavevector transfer. Figure 2 shows a color image of the normalized [11] intensity distribution, I͑Q, v͒, at T 1.5 K. Apart from elastic nuclear scattering centered at hv 0 meV, I͑Q, v͒ is dominated by two ridges, one at fixed wave-vector transfer, Q ഠ 1.5 Å 21 , and a most unusual ridge at fixed energy transferhv 18.6͑1͒ meV. Since the constant-Q ridge covers a range of energies, 0 ,hv , 20 meV, it must be associated with excitations in a system with a macroscopic number of interacting degrees of freedom. However, because thehv 18.6 meV ridge is narrow in energy and nondispersive ( Figs. 2 and 3) , it is likely to arise from single atoms or small clusters of atoms which are decoupled from the rest of the system. The constant-Q ridge corresponds to magnetic excitations in the frustrated spin system and was the subject of previous publications [3, 6] . In this paper we shall deal exclusively with the excitations which give rise to the constant-hv ridge. From the Q dependence of the energy integrated intensity of the ridge [Fig. 3(c) ], we conclude that it does not arise from (i) a local vibrational excitation, because the intensity decreases with Q, nor from (ii) a crystal field excitation on a single chromium atom because the Q dependence does not simply follow the magnetic form factor of chromium [12] .
Further clues come from finite temperature properties. To enhance sensitivity we plot in Fig. 4 the Q-integrated intensity which probes the local spin fluctuation spectrum: I͑v͒ R ͓I͑Q, v͒͞jF͑Q͒j 2 ͔Q 2 dQ͞ R Q 2 dQ. We discover that at T 290 K, the intensity found in thē hv 18.6 meV peak at low T is distributed not only into a peak athv 218.6 meV as required by detailed balance, but also into a well-defined peak at twice the energy,hv 37.2͑5͒ meV. There is also a temperature Fig. 2. (a) -(c) The Q dependence of the peak position, resolution corrected FWHM, and integrated intensity, respectively, obtained from fits with Gaussians. In (c), the position and width of the peaks at each value of Q were fixed to the average obtained in individual fits. Dashed line in (c) shows the magnetic form factor of chromium, the solid line is the calculated Q dependence of the neutron scattering cross section in Eq. (1). The inset shows the Q dependence of the energy integrated intensity of the 55 meV peak which identifies this mode as vibrational in origin. independent peak athv ഠ 55 meV which is close to 3 times 18.6 meV. This peak, however, corresponds to a vibrational excitation because its integrated intensity increases with Q [inset in Fig. 3(c) ]. Figure 5 summarizes the T dependence of the excitation energy, E 0 , the resolution corrected full width at half maximum (FWHM), DE, of the 18.6 meV excitation, as well as the total scattering cross section for the 18.6 and 37.2 meV modes. These results were obtained by fitting data such as those in Fig. 4 with Gaussians. The fact that E 0 is T independent and DE͞E 0 , 0.2 even for k B T . E 0 indicates that we are dealing with excitations between well-defined quantum states of isolated spin clusters relaxing through electron phonon coupling. The level scheme depicted in Fig. 5(c) assigns the 18.6 meV peak to transitions from the ground state to the first excited state at J 18.6 meV and the 37.2 meV peak to transitions between excited states separated by 2J. This model ensures that the latter peak is only observed at high T because only then does one of the excited states involved have finite thermal occupancy. From the absence of a peak of magnetic origin in I͑v͒ at hv 3J 55.8 meV for T , 290 K we conclude that the 3J level is not dipolar active.
Pairs of spins, s, with antiferromagnetic exchange constant, J, have exactly this level scheme: Their states are labeled by their total spin quantum number, S 0, 1, 2, . . . , 2s, and lie at energies JS͑S 1 1͒͞2 relative to the ground state [13] . Moreover, only transitions which change S by one are dipolar active. To determine whether isolated spin pairs exist in SCGO(p) we perform a quantitative comparison of our data to the neutron scattering cross section for exchange coupled pairs of s 3͞2 Cr 31 ions in a powder sample [13, 14] , where R is the separation between spins in z spin pairs per formula unit and Z 1 1 3 exp͑2J͞k B T͒ 1 5 exp͑23J͞k B T ͒ 1 7 exp͑26J͞k B T ͒ is the partition function. We write only thehv . 0 part. Thehv , 0 part follows from detailed balance. There is also an elastic scattering term which appears when degenerate levels are occupied, but this is not relevant in this context. The solid lines in Figs. 3(c) and 5(c) were calculated from this expression fitting only the distance between spins, R, and the number of spin pairs per formula unit, z. Both the Q dependence and T dependence of the intensity is perfectly accounted for by the model. Considering also the values of the fitting parameters, our data firmly establish the existence of z 0.7͑1͒ spin pairs per formula unit in SCGO͑ ͑ ͑ p 0.92͑5͒͒ ͒ ͒ separated by R ഠ 2.68͑7͒ Å with an antiferromagnetic exchange coupling J 18.6͑1͒ meV. Since 4f yi spins are the only spins which each are part of a unique spin pair and since according to our diffraction data there are 0.78 4f yi -4f yi spin pairs per formula unit separated by 2.681(3) Å in our sample, we suggest that it is the 4f yi Cr 31 ions which form the isolated spin pairs.
To justify this assignment, we must argue how 4f yi -4f yi spin pairs become effectively isolated from the remainder of the spins. Consider the oxygen coordination of chromium in SCGO(p). Each Cr 31 ion is surrounded by six oxygen atoms forming a distorted octahedron. Octahedra of chromium ions in adjacent 4f yi planes share a common face, whereas the oxygen octahedra of neighboring 4f yi and 12k sites share a corner. The exact same environment exists in corundum Cr 2 O 3 where it has been established [15] that the exchange constant between Cr 31 ions with corner-sharing oxygen octahedra is only 0.2 meV because occupied 3d orbitals in Cr 31 do not hybridize with oxygen [16] . Occupied orbitals of Cr 31 ions in face-sharing octahedra, however, have appreciable direct overlap which in Cr 2 O 3 gives rise to a 15 meV antiferromagnetic exchange coupling [15] . This number, being close to the 18.6 meV exchange constant for spin pairs in SCGO͑ ͑ ͑ p 0.92͑5͒͒ ͒ ͒, supports our comparison to Cr 2 O 3 and our conclusion that 4f yi spins pairs form isolated singlets in SCGO(p). The finite width of the excitations, which at T 1.3 K amounts to DE͞E 0 0.1, most likely results from relaxation due to lattice vibrations and residual coupling to the remainder of the magnet.
Of course, the primary interest in SCGO(p) stems from its unusual frustrated magnetism. Our discovery that spins on 4f yi sites are effectively isolated from those on 12k sites establishes that the spin system giving rise to lowtemperature anomalies in this material is two dimensional, and consists of a triangular lattice (2a) sandwiched between two kagomé lattices (12k). Alternatively the lattice can be described as a three-layer (111) slab of the trivalent cation sites in the cubic pyrochlore lattice. The octahedra of all neighboring chromium ions in this slab share edges, and we therefore expect exchange interactions to be similar. Fitting high-temperature bulk susceptibility data to the sum of the susceptibility of the 4f yi spin pairs and a Curie-Weiss term to account for the pyrochlore slab, we extract a value of 9.0(5) meV for the average exchange constant within the pyrochlore slab. It is satisfying that this number is close to the value of 6.7(4) meV measured for the exchange constant between chromium ions in Cr 2 O 3 whose oxygen octahedra share an edge [15] . Our discovery of the effective decoupling of different trilayer pyrochlore slabs in SCGO(p) should greatly simplify theoretical attempts to understand this unusual magnet.
